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Wind Direction and Intensity (27-31 July 2003)
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Wind Direction and Intensity (13-17 October 2003)
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Temperature profile: 21 May
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Temperature profile: 21 June
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Temperature profile: 21 July
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Temperature profile: 21 August
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Temperature profile: 21 September
0
5
10
15
20
25
30
35
40
4 6 8 10 12 14 16 18 20
Temperature [°C]
D
ep
th
 
[m
]
Temperature profile: 21 October
0
5
10
15
20
25
30
35
40
4 6 8 10 12 14 16 18 20
Temperature [°C]
D
ep
th
 
[m
]
&
pq1y#fU`
j
ﬀ
-i
ﬀqgtHcLMjf@pUcL[`]X`&`[|`hjL@y#fU`&|j[a@pqEy#mzj]U`&|]U`MY`fSj]@y#fU`W#fUcam`& ofUcL Fj&v
]Uc|Z b]UcL`f
hii1
ﬀ
-4j
 
  
  >G:=C S
  
  ﬃ     ﬃ 
        !ﬂ   ﬃ $!
 9 9   
    

su[mzjke`&hrL]@_a`Ij '@cLf@pq]vct`[dpqfUcL[#`[]Sjm#fUcL#m` bhj[`HUcLmqde`&j[jmqv~&pq[#>]@_a`

Ł
`9yj]@pcL[a
!pq]@_]@_a`!_vfUc1@]Sj]@pb\jLS@y#M#]@pcL[?r9`#b&`#]'pq[ScL`}bhjLU`& !_a`fU`\UcLmqpq]UcL[aXjfU`!#fUcLjj]@pq[#-!pq]@_
_#pq1_ de`mcbpq]v nﬂ_#pq1_ ofU`ya`[abv Hj&de`&w cLf%j] ]@_a`FYcLy#[aajf@ver !_a`fU`F]@_a`Fde`f@]@pbhjmﬃde`mcbpq]@p`&
jLS@y#`[acL[

[a`1mqpq1pq#m`Ed1jmqya`&ﬀ &'fUcL#m`}!_a`fU`>]@_a`>_9vfUc1U]Sj]@pb-j##fUc&pqj]@pcL[Ap![ac mcL[#e`f
d1jmqp pq[abmqya#` /c3} chde`f fSj#pmqv d1jf@v9pq[# @mcL`&j[a @_acLf@]Hjhde`&!_a`fU`%]@_a`AfSj]@pc4cE]@_a`
de`f@]@pbhjmR]UcM_acLf@pq~hcL[]SjmUbhjm`&}c cL]@pcL[%p![acL]}@y )bp`[9]@mqv^@jmqmIn+BjL@y#mqmqp+r
-
11ew ﬀ
lB_a` echde`f@[#pq[# `9yj]@pcL[a-jfU` ]@_a`Mj&dp`f

9]UcLke`&`yj]@pcL[ahr?!_#pbU_;_jhde`M`&`[ pUbfU`]@pq~h`&
j[a
UcLmqde`& ]@_#fUcLy#1_ jU`Mp

pqM#mqpbpq]]U`&bU_#[#p 9ya`1r !pq]@_ofSjLb]@pcL[jmB@]U` `]@_ac6rﬀ!_a`fU`9v ]@_a`
_9vfUc1U]Sj]@pb>#fU`&U@y#fU`>b&cLMcL[a`[]}p!#`]U`f@Mpq[a`&afU@]Wj[a ]@_a`[acL[

_vfUc1@]Sj]@pbﬃb&cLMcL[a`[]Wc
]@_a`B#fU`&S@y#fU`Bp b&cLM#y#]U`&pq[j@y#aU`9ya`[]X@]U`?r  cLmqmch!pq[#ﬃ]@_a`B#fUcb&`&y#fU`B#fUcLYc1S`&MvBjL@y#mqmqp
j[a9]U`mqmqpq[#n
-
1
j
w ﬀIHcL[de`&b]@pqde`\j[a dpUb&cLya ]U`f@IjfU`!pSbfU`]@pq~h`&Mpq[j ( y#m`f@pzj[

iRj1fSj[#1pzj[
`]@_ac6re!_#pqm`}jfUcL]@fUcL#pb\j[a de`f@]@pbhjmdpUb&c1@pq]uv-]U`f@'_j&de`}`&`[`#fU`&UU`& pqM#mqpbpq]@mqv pq[]@_a`
_acLf@pq~hcL[9]Sjm`9yj]@pcL[aBn+BjL@y#mqmqpj[a-X_a`[#ar
-
1
h
w ﬀlB_a`I`#bU_j[#e`&ccL`[9]@y# `]H`&`[`hjLbS_
mzjhve`f}_j&de`ﬃY`&`[`#fU`&UU`& v]@f@ppzjecL[jm?j]@f@p6r#fU`mzj]@pq[#M]@_a`ﬃpUbfU`]U`_acLf@pq~hcL[9]SjmRde`mcbpq]@p`&
pq[ `hjLbS_;de`f@]@pbhjm'm`de`mI]Uc]@_a`M1fSjLp`[]cH]@_a`Hj]U`fE@y#f +jLb&``m`d1j]@pcL[a|nﬂjfUcL]@fUcL#pb#fU`&U@y#fU`
1fSjLp`[9]w ﬀ
9y#a@]@pq]@y#]@pq[#]@_a`XUcLmqy#]@pcL[a c_acLf@pq~hcL[9]Sjm#de`mc9bpq]@p`&pq[9]Uc\]@_a`Xde`f@]@pbhjmqmqvEpq[9]U`1fSj]U`& b&cL[]@pq[y#pq]uv
`9yj]@pcL[H`}cL#]Sjpq[|j mqpq[a`hjf ade`

pzjecL[jmY@vU]U` ﬀ lB_a`}cL[#mqvy#[#k[ach![aXjfU`B]@_a`}Hj]U`fI@y#f +jLb&`
`m`d1j]@pcL[a pq[]@_a`H#cLjpq[Mcpq[9]U`fU`&@]ﬀ'Z\[ab&` ﬂfU`&`H@y#f +jLb&`I_jL`&`[ #`]U`f@Mpq[a`& yaUpq[# b&cL[ ' y#j]U`
1fSjLp`[9]-`]@_ac nﬂY`&bhjyaU`]@_a`@v@]U` p@vM`]@f@pb|j[a;Yc1@pq]@pqde`|#`a[a`&wr ]@_a`_acLf@pq~hcL[9]Sjm
de`mcbpq]v bhj[ `bhjmby#mzj]U`& pqfU`&b]@mqv ﬀ4lB_a`S`&b&cL[a @]U` b&cL[a@p@]U pq[ jL' ya@]@pq[# `hjLbU_ de`mcbpq]v
]@_#fUcLy#1_ _vfUcv9[jMpb #fU`&U@y#fU`Aj[a pqMc1@pq[#;]@_j]]@_a`^[a` de`mc9bpq]uv `m p|pqde`f@e`[ab&`
ofU`&`(ﬀ
&
pq[jmqmqver#_jhd9pq[##`]U`f@Mpq[a`&^]@_a`>#fU`&UUy#fU`>b&cLMYcL[a`[9]  cLf}`hjLbU_%b&`mqm+ra]@_a`>de`mc9bpq]uv`mp
b&cLf@fU`&b]U`&!ﬀ
lB_#p'`]@_acMp'fU`mzj]@pqde`mqv@pqM#m`1r[y#`f@pbhjmqmqvU]Sj#m`}`de`[j]'mzjf@e`HcLy#fSj[]X[y#E`fUhr#j[a
-

 ﬀ

Ł
Ac9#`m
pB@y#pq]Sj#m` ocLfH@pqEy#mzj]@pcL[a!cRb&cLM#m`]@_#fU`&`

pq`[aUpcL[jm /ch}H!_a`[^jﬃ@jmqm#`d9pzj]@pcL[ ofUcL
_vfUc1@]Sj]@pbE#fU`&U@y#fU`>p}jmqmc3X`& n+BjL@y#mqmqp+r
-
11ew ﬀ
+  
+  	  
  + !  
lB_a`>cL`[9]@y# `9yj]@pcL[a  cLfWj[pq[ab&cLM#fU`&U@pq#m`5/ay#p]Sjke`>]@_a`# cLmqmch!pq[#  cLf@
∂ui
∂t
+
∂ (uiuj)
∂xj
= − ∂
∂xi
(
p
ρ0
− gx3
)
+ ν
∂2ui
∂xixj
,
n  ﬀ
-
w
!_a`fU`
u1(x, y, z, t)
r
u2(x, y, z, t)
j[a
u3(x, y, z, t)
jfU`!]@_a`Wde`mc9bpq]uv b&cLMcL[a`[]UXpq[]@_a`}_acLf

pq~hcL[]Sjm
x1

r
x2

j[aMde`f@]@pbhjm
x3

pqfU`&b]@pcL[AnocLf
x−, y−, z− pqfU`&b]@pcL[twr t p ]@_a`!]@pq`1r p(x, y, z, t)
pB]@_a`#fU`&U@y#fU`1r
ρ0
pB]@_a`b&cL[a@]Sj[9]!fU` o`fU`[ab&`>#`[aUpq]ver
g
pH]@_a`1fSj&dpq]Sj]@pcL[jmﬀjLb&b&`m`fSj]@pcL[ j[a
ν
p!]@_a`>dpUb&c1@pq]uvb&c` )bp`[]ﬀXRde`fSj1pq[#|chde`fW]@y#f@#y#m`[ab&`EX`ﬃcL#]Sjpq[?g
∂ui
∂t
+ uj
∂ui
∂xj
= − ∂
∂xi
[
p
ρ0
− gx3
]
+
∂
∂xj
[
νTj
∂ui
∂xj
]
,
n  ﬀ
h
w
!_a`fU`E]@_a`Echde`f@mqpq[a`-`hj[aj&de`fSje` j[a
νT
pW]@_a`ﬃ]@y#f@#y#m`[] dpUb&c1@pq]v !_#pbS_Fjf@pU`&ﬂfUcL j
BcLyaU@pq[a`& |]v`ﬃbmc1@y#fU`c#`m+g
−u′iu′j = νTj
(
∂ui
∂xj
)
n  ﬀ

w
 cL]@pb&`]@_j]%j b&cLM#m`]U`c#`m ocLf `m Sbhjm` j##mqpbhj]@pcL[ @_acLy#m pq[abmqya#`]@_a`;HcLf@pcLmqp
jLb&b&`m`fSj]@pcL[j[a [acL[

b&cL[a@]Sj[] ]@y#f@#y#m`[]\d9pUb&c1Upq]v b&c9` )bp`[9]Un+BjL@y#mqmqpj[a 9]U`mqmqpq[#ar
-
1
j
w ﬀ
lB_a`>jLS}b&cL[aU`f@d1j]@pcL[^p}`#fU`&UU`&9v|]@_a`  cLmqmch!pq[#|pq[ab&cLM#fU`&U@pq#pqmqpq]uv^b&cL[apq]@pcL[?g
∂ui
∂xi
= 0,
n  ﬀ

w
!_#pqm`>]@_a`EUbhjmzjf\jLde`&b]@pcL[

p76ya@pcL[ `9yj]@pcL[^phg
∂S
∂t
+
∂
∂xi
(
uiS
)
=
∂
∂xi
[
νTi
∂S
∂xi
]
.
n  ﬀ2.ew
lB_a`}`9yj]@pcL[a\n  ﬀ
h
wrn  ﬀ

wIj[a%n  ﬀ2.ew bhj[`!fU`!f@pq]@]U`[|pq[j[acL[

pq`[a@pcL[jm  cLf@^rcL[ab&`}]@_a`
 cLmqmch!pq[#|Sbhjmqpq[#p!pq[]@fUcyab&`&6g
-
ﬀ • (x+, y+, z+, h+, η+) = h∗0 · (x, y, z, h, η) ,
!_a`fU`
h∗0
pM]@_a`^@y#f +jLb&`Mp#`& mzj&ve`f
#`#]@_?r
h
j[a
η
#`[acL]U`>]@_a`>cL]@]UcL j[a Bj]U`f\@y#f +jLb&`>`m`dLj]@pcL[?rfU`&@`&b]@pqde`mqv ﬀ
• (u+, v+, w+) = U∗0 · (u, v, w)
!_a`fU`
U ∗0
pM]@_a` of@pb]@pcL[ de`mc9bpq]uv j]]@_a`@y#f +jLb&`
YcLy#[aajf@v
-
.
i
 ﬀ

Ł
 c#`m
• p+ = ρ0U∗20 p
• νT+ = U∗0H∗0 · νT
• t+ = h∗0U∗
0
t
 cL`[9]@y# `9yj]@pcL[a}pq[^pq`[a@pcL[#m`&UocLf@ fU`hjL6g
∂u
∂t
+ u
∂u
∂x
+ v
∂u
∂y
+ w
∂u
∂z
= −∂p
∂x
+
∂
∂x
[
νTx
∂u
∂x
]
+
∂
∂y
[
νTy
∂u
∂y
]
+
∂
∂z
[
νTz
∂u
∂z
]
,
n  ﬀ

w
∂v
∂t
+ u
∂v
∂x
+ v
∂v
∂y
+ w
∂v
∂z
= −∂p
∂y
+
∂
∂x
[
νTx
∂v
∂x
]
+
∂
∂y
[
νTy
∂v
∂y
]
+
∂
∂z
[
νTz
∂v
∂z
]
,
n  ﬀ 1w
∂w
∂t
+ u
∂w
∂x
+ v
∂w
∂y
+ w
∂w
∂z
= −∂p
∂z
− 1
Fr2
+
∂
∂x
[
νTx
∂w
∂x
]
+
∂
∂y
[
νTy
∂w
∂y
]
+
∂
∂z
[
νTz
∂w
∂z
]
,
n  ﬀ
j
w
!_a`fU`Echde`f@mqpq[a`&\_j&de`EY`&`[ cLMpq]@]U`& j[a
Fr2 =
U∗2
0
gh∗
0
p}]@_a`
&
fUcLya#`ﬃ[9y#E`fﬀ
&
y#f@]@_a`f@cLfU`1r
]@_a`EUbhjmzjf!]@fSj[a@cLf@]W`yj]@pcL[%phg
∂S
∂t
+
∂ (uS)
∂x
+
∂ (vS)
∂y
+
∂ (wS)
∂z
=
∂
∂x
[
νTx
∂S
∂x
]
+
∂
∂y
[
νTy
∂S
∂y
]
+
∂
∂z
[
νTz
∂S
∂z
]
,
n  ﬀ ew
!_#pqm`>]@_a`>jLU}b&cL[aS`f@dLj]@pcL[%`9yj]@pcL[
n  ﬀ

wHfU`jpq[aWy#[abU_j[#e`&!ﬀ
s[9]U`1fSj]@pq[#-]@_a`}b&cL[9]@pq[y#pq]uv`yj]@pcL[Fn  ﬀ

w c3de`fI]@_a`}#`#]@_
(h− η) j[aya@pq[#ﬃ]@_a`}k9pq[a`j]@pb
b&cL[apq]@pcL[Fj]!]@_a` ofU`&`

@y#f  jLb&` 	
-i
?m`hjL#}]Uc ]@_a`  cLmqmch!pq[#ﬂfU`&`

@y#f +jLb&`>`9yj]@pcL[
∂η
∂t
+
∂
∂x
[∫ η
h
udz
]
+
∂
∂y
[∫ η
h
vdz
]
= 0,
n  ﬀ
-i
w
-
.
-
 ﬀ

Ł
Ac9#`m
!_a`fU`
h(x, y)
pH]@_a`\cL]@]UcL `m`dLj]@pcL[`hjLUy#fU`&ofUcL ]@_a`Wy#[apU]@y#f@Y`& Bj]U`f}@y#f  jLb&`j[a
η(x, y, t)
p!]@_a` ofU`&`

@y#f +jLb&`>`m`dLj]@pcL[ﬀ
lB_a` [acLf@jmqpq~h`&#fU`&S@y#fU`
p(x, y, z, t)
pq[`yj]@pcL[an  ﬀ

wrXn  ﬀ 1wj[a n  ﬀ
j
wrRbhj[FY` #`&b&cL

c1U`& pq[]Uc]@_a`!@y# cYpq]U _vfUc1@]Sj]@pbWj[aj\[acL[

_vfUc1@]Sj]@pbWb&cLMcL[a`[]ﬀ lB_9yahr1]@_a`B#fU`&UUy#fU`
j]\j[9vcLpq[]
(x, y, z)
bhj[^`fU`!f@pq]@]U`[AjL3g
p(x, y, z, t) = ph(x, y, z, t) + q(x, y, z, t),
n  ﬀ
-
-
w
!_a`fU`
q(x, y, z, t)
#`[acL]U`&}]@_a`>_vfUc9v[jMpb>#fU`&U@y#fU`>b&cLMcL[a`[]hr!_#pqm`>]@_a`_vfUc1@]Sj]@pb
#fU`&U@y#fU`Wb&cLMYcL[a`[9]
ph(x, y, z, t)
p'#`]U`f@Mpq[a`& ofUcL ]@_a`}de`f@]@pbhjmcL`[]@y# `yj]@pcL[Fn  ﬀ
j
w
v [a`1m`&b]@pq[#^]@_a` b&cL[de`&b]@pqde`j[aA]@_a`dpUb&cLya>jLb&b&`m`fSj]@pcL[ ]U`f@ﬀﬃsu[ ]@y#f@[?r
ph
bhj[F`-U#mqpq]
pq[]UcjjfUcL]@fUcL#pbﬃjf@]\j[a jjfUc9bmqpq[#pbﬃb&cLMcL[a`[]\!_#pbU_FjLb&b&cLy#[]U ocLf}#`[a@pq]uv dLjf@pzj]@pcL[ahg
ph(x, y, z, t) = pa (x, y, t) +
η (x, y, t)− z
Fr2
+
1
ρ0
∫ η
z
ρ′dz,
n  ﬀ
-h
w
!_a`fU`
pa
p!]@_a`Ej]@c1U#_a`f@pb>#fU`&U@y#fU`(ﬀ
 `1m`&b]@pq[#]@_a`1fSjLp`[9] c
pa
r]@_a`>cL`[9]@y# `9yj]@pcL[aWbhj[^`!f@pq]@]U`[ jLhg
∂u
∂t
+ u
∂u
∂x
+ v
∂u
∂y
+w
∂u
∂z
= − 1
Fr2
(
∂h
∂x
+
∂
∂x
∫ η
z
ρ′
ρ0
dz
)
− ∂q
∂x
+
+
∂
∂x
[
νTx
∂u
∂x
]
+
∂
∂y
[
νTy
∂u
∂y
]
+
∂
∂z
[
νTz
∂u
∂z
]
,
n  ﬀ
-h
w
∂v
∂t
+ u
∂v
∂x
+ v
∂v
∂y
+w
∂v
∂z
= − 1
Fr2
(
∂h
∂y
+
∂
∂y
∫ η
z
ρ′
ρ0
dz
)
− ∂q
∂y
+
+
∂
∂x
[
νTx
∂v
∂x
]
+
∂
∂y
[
νTy
∂v
∂y
]
+
∂
∂z
[
νTz
∂v
∂z
]
,
n  ﬀ
-
w
∂w
∂t
+ u
∂w
∂x
+ v
∂w
∂y
+ w
∂w
∂z
= −∂q
∂z
+
n  ﬀ
-
.ew
+
∂
∂x
[
νTx
∂w
∂x
]
+
∂
∂y
[
νTy
∂w
∂y
]
+
∂
∂z
[
νTz
∂w
∂z
]
.
B]}]@_a` ﬂfU`&`

@y#f +jLb&`]@_a`>cLy#[aajf@vb&cL[apq]@pcL[a\jfU`>1pqde`[^9v
-
.
h
 ﬀ

Ł
 c#`m
νT
(
∂u
∂z
− ∂u
∂x
∂h
∂x
− ∂u
∂y
∂h
∂y
)
= γt (uw − us) ,
n  ﬀ
-h
w
νT
(
∂v
∂z
− ∂v
∂x
∂h
∂x
− ∂v
∂y
∂h
∂y
)
= γt (vw − vs) ,
n  ﬀ
-
1w
!_a`fU`
γt
p\jM[acL[

[a`j]@pqde`!pq[a @]@fU`&UWb&c` )bp`[]Mnﬂ]v#pbhjmqmqv
γt = CD
ρa
ρ
√
u2w + v
2
w
w}j[a
uw
j[a
vw
jfU` ]@_a` !pq[ade`mc9bpq]uv|b&cLMcL[a`[]U!pq[]@_a`\

j[apq[ ]@_a`\v

pqfU`&b]@pcL[?rfU`&@`&b]@pqde`mqver
us
j[a
vs
jfU`>]@_a`_acLf@pq~hcL[9]Sjmb&cLMcL[a`[]U\cBj]U`fWde`mcbpq]v^j]!]@_a`ﬃ@y#f +jLb&`(ﬀ
B]!]@_a`>Y`&6r]@_a`ﬃYcL]@]UcL of@pb]@pcL[^p!mqpqke`!pS`ﬃ`#fU`&SU`& vg
νT
∂u
∂z
= γb u,
n  ﬀ
-j
w
νT
∂v
∂z
= γb v,
n  ﬀ
-
ew
!_a`fU`
γb
p}j [acL[

[a`j]@pqde`EYcL]@]UcL ﬂf@pb]@pcL[%b&c` )bp`[]ﬀ
 9 +    3	
 	 	 + !  

 
#*    * $ #"
su[ cLfU#`fM]Uc cL#]Sjpq[ j[ ` )bp`[9][9y#`f@pbhjmW`]@_ac !_ac1U`^@]Sj#pqmqpq]uv4p pq[a#``[a#`[]cL[ ]@_a`
ofU`&`

@y#f +jLb&` Hj&de`>UY`&`&6r!pq[a @]@fU`&Uhr9cL]@]UcL of@pb]@pcL[^j[ade`f@]@pbhjm6d9pUb&c1Upq]ver#jES`Mp

pqM#mqpbpq]
ofSjLb]@pcL[jmXU]U` UbU_a``pE#`f@pqde`&!ﬀsu[ ]@_a` afUU]E@]U`?r?]@_a`pqM#mqpbpq]-b&cL[]@f@pq#y#]@pcL[ cB]@_a`M[acL[

_9vfUc1U]Sj]@pb #fU`&U@y#fU`p [a`1m`&b]U`& j[a4]@_a` 1fSjLp`[]c Uy#f  jLb&` `m`d1j]@pcL[ pq[4]@_a`_acLf@pq~hcL[9]Sjm
cL`[9]@y# `9yj]@pcL[aﬃj[a ]@_a`de`mcbpq]vApq[F]@_a` ofU`&`

@y#f +jLb&` `yj]@pcL[;jfU` pUbfU`]@pq~h`&F9v%]@_a`
θ
`]@_ac9 n+BjL@y#mqmqpBj[a Bj]@]Sj[#p+r
-
1

w ﬀ% cLfU`&c3de`fhr ocLf@]Sj#pqmqpq]ver ]@_a`!pq[a;@]@fU`&U3rR]@_a`|de`f

]@pbhjmHdpUb&c1@pq]v;j[a
]@_a`|YcL]@]UcL ﬂf@pb]@pcL[ jfU`|pSbfU`]@pq~h`&
pqM#mqpbpq]@mqv ﬀAsu[;]@_a`S`&b&cL[a
@]U`4]@_a`
#fUc3d9pUpcL[jmIde`mcbpq]v;j[a;Uy#f  jLb&``m`d1j]@pcL[4jfU`|b&cLf@fU`&b]U`& 9vpq[abmqyapq[#%]@_a`[acL[

_9vfUc1U]Sj]@pb
#fU`&S@y#fU` ]U`f@hr?!_#pbS_4jfU`Mbhjmby#mzj]U`&;pq[ @yabU_
j +jL@_#pcL[ ]@_j]>]@_a`fU`&@y#mq]@pq[#^de`mcbpq]vA`mFp
mcbhjmqmqvj[a1mcLjmqmqv jLU}b&cL[aU`f@d1j]@pqde`(ﬀ
lB_a`E#_9v@pbhjm #cLjpq[p @y#pqd9p#`&Apq[]Uc
NxNyNz
fU`&b]Sj[#1y#mzjfﬃb&`mqm cXm`[#1]@_
∆
6rt!p]@_
∆y
j[a _a`pq1_9]
∆zk = zk+1/2 − zk−1/2
fU`&@`&b]@pqde`mqver6!_a`fU` ~
k±1/2
jfU`1pqde`[m`de`m @y#f +jLb&`&ﬀ
lB_a`\b&`mqmpX@]Sj1e`fU`&6r[9y#E`fU`&j]'pq]UXb&`[9]U`fX!pq]@_|pq[apb&`&
i, j
j[a
k
g]@_a`\pUbfU`]U`
u
de`mc9bpq]uv
pW]@_a`[ #`a[a`&Fj]}]@_a`E`&U]+jLb&`
(ui+1/2,j,k)
rt]@_a`
v
de`mc9bpq]uv%j]W]@_a`ﬃ[acLf@]@_  jLb&`
(vi,j+1/2,k)
j[a
]@_a`Wde`f@]@pbhjmde`mcbpq]v
w
j]I]@_a`!y# jLb&`
(wi,j,k+1/2)
re!_#pqm`}]@_a`W#fU`&U@y#fU` Mj[a|cL]@_a`f'#fUcLY`f@]@p`&
no`(ﬀ  ﬀ4]U`M`fSj]@y#fU`1rX#`[aUpq]verH`]Ub(ﬀ w jfU`#`a[a`& pq[ b&`[9]@fU`^b&`mqmEna1y#fU`^ ﬀ
-
w ﬀ s[ e`[a`fSjm+r
∆
~
-
.

 ﬀ

Ł
Ac9#`m
#``[a#cL[ ]@_a`@j]@pzjm}mcbhj]@pcL[?rBj[a [a`hjfM]@_a` ﬂfU`&`

Uy#f  jLb&`pq]jmSc#`Y`[a#cL[ ]@_a`^]@pq`1r
`&bhjyaU`]@_a`ﬃ@y#f +jLb&`>`m`dLj]@pcL[?r##`a[a`&^pq[^b&`[]@fU`Eb&cLmqy#M[4n
ηni,j)
r#bhj[^bS_j[#e`-j]!]@_a`]@pq`>@]U`
n
ﬀ
&
pq1y#fU`E ﬀ
-
ﬀqgt9]Sj1e`fU`& b&`mqm ﬀ
 e`[a`fSjm U`Mp

pqM#mqpbpq]ﬃpUbfU`]@pq~3j]@pcL[  cLfW]@_a`-cL`[]@y# `9yj]@pcL[ahrYya@pq[#j[ ( y#m`f@pzj[

iRj1fSj[#1pzj[;SbU_a``j[aA[a`1m`&b]@pq[#^]@_a`_vfUc9v[jMpb #fU`&U@y#fU`1rm`hjL#]Uc]@_a`  cLmqmch!pq[#%`

#fU`&U@pcL[?g
u˜n+1
i+ 1
2
,j,k
− un
i+ 1
2
−a,j−b,k−d
∆t
= − 1
Fr2
θ
ηn+1i+1,j − ηn+1i,j
∆x
− 1
Fr2
(1− θ) η
n
i+1,j − ηni,j
∆x
+
− 1
∆xρ0 Fr2
Kt∑
k
[(
ρ′i+1,j,k − ρ′i,j,k
)
∆zn
i+ 1
2
,j,k
]
+
νz
i+ 1
2
,j,k+ 1
2
u˜n+1
i+1
2
,j,k+1
−u˜n+1
i+1
2
,j,k
∆zn
i+1
2
,j,k
− νz
i+ 1
2
,j,k− 1
2
u˜n+1
i+1
2
,j,k
−u˜n+1
i+1
2
,j,k−1
∆zn
i+1
2
,j,k
∆zn
i+ 1
2
,j,k
,
n  ﬀ
hi
w
!_a`fU`]@_a`-X`pq1_]@pq[#^b&c` )bp`[]
θ
fSj[#e`& `]H`&`[
i
j[a
-
j[a e`[a`fSjmqmqv%pW#`&Fj]
1/2
ﬀ
 @pqMpqmzjfW@]@f@yab]@y#fU`>pWcL#]Sjpq[a`&ﬂ cLf!]@_a`>cL`[]@y# `yj]@pcL[^pq[%v

pqfU`&b]@pcL[ﬀ
su[j]@f@p[acL]Sj]@pcL[%]@_a`ﬃjchde`E`#fU`&U@pcL[^bhj[%Y`!f@pq]@]U`[^pq[AjcLfU`ﬃb&cLMjLb]  cLf@^g
A
n
i+ 1
2
,j
U
n+1
i+ 1
2
,j
= Gn
i+ 1
2
,j,k
− 1
Fr2
θ
∆t
∆x
(
ηn+1i+1,j − ηn+1i,j
)
∆zi+ 1
2
,j,k,
n  ﬀ
h3-
w
!_a`fU`
-
.

 ﬀ

Ł
 c#`m
A
n+1
i+ 1
2
,j
=

di+ 1
2
,j,Kt
−aKt− 12
−aKt− 12 di+ 12 ,j,Kt−1 −aKt− 32
· · ·
−aKb+ 12 di+ 12 ,j,Kb
 ,
n  ﬀ
hh
w
j[a]@_a`]U`f@WcL[]@_a`ﬃpzjecL[jm jfU`>#`a[a`& jL  cLmqmch}3g
di+ 1
2
,j,Kt
= ∆zn
i+ 1
2
,j,Kt−
1
2
+ aKt− 12
− γt∆t,
n  ﬀ
h1
w
di+ 1
2
,j,KL
= ∆zn
i+ 1
2
,j,Kt−
1
2
+ aKt− 12
+ aKt− 32
for L = Kt − 1 ..Kb + 1,
n  ﬀ
h
w
d
(N2z )
i+ 1
2
,j,Kb
= aKb+ 12
+ ∆zn
i+ 1
2
,j,Kb+
1
2
+ aKb .
n  ﬀ
h
.ew
lB_a`ﬃ`]@fSj

pzjecL[jmﬀ]U`f@WjfU`ﬃ#`a[a`&%jL
ak =
νzk∆t
∆z
r#!_#pqm`1g
G
n
i+ 1
2
,j,k
=

F
(
un
i+ 1
2
−a,j−b,Kt−d
)
+ ∆t γnt u
n
a − 1Fr2 (1− θ)
ηni+1,j−η
n
i,j
∆x ∆z
n
i+ 1
2
,j,k
−
− 1
Fr2
∆t
∆x
(∑Kt
kt
ρ′i+1,j,k
ρ0
∆zni+1,i,k −
∑Kt
k
ρ′i,j,k
ρ0
∆zni,i,k
)
F
(
un
i+ 1
2
−a,j−b,Kt−1−d
)
− 1
Fr2
(1− θ) η
n
i+1,j−η
n
i,j
∆x ∆z
n
i+ 1
2
,j,k
−
− 1
Fr2
∆t
∆x
∑Kt
k
(
ρ′i+1,j,k − ρ′i,j,k
)
∆zn
i+ 1
2
,j,k
·
F
(
un
i+ 1
2
−a,j−b,Kb+1−d
)
− 1
Fr2
(1− θ) η
n
i+1,j−η
n
i,j
∆x ∆zi+ 1
2
,j,k−
− 1
Fr2
∆t
∆x
(∑Kt
kb+1
ρ′i+1,j,k
ρ0
∆zni+1,i,k −
∑Kt
k
ρ′i,j,k
ρ0
∆zni,i,k
)
F
(
un
i+ 1
2
−a,j−b,Kb−d
)
− 1
Fr2
(1− θ) η
n
i+1,j−η
n
i,j
∆x ∆z
n
i+ 1
2
,j,k
−
− 1
Fr2
∆t
∆x
∑Kt
kb
(
ρ′i+1,j,k − ρ′i,j,k
)
∆zn
i+ 1
2
,j,k

n  ﬀ
h1
w
lB_a`>cL`[]@y# `yj]@pcL[^pq[%de`f@]@pbhjm
z

pqfU`&b]@pcL[%]Sjke`&W]@_a` ocLf@^g
w˜n+1
i+ 1
2
,j,k
− wn
i+ 1
2
−a,j−b,k−d
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ηn+1i,j − ηni,j
∆t
+
∑Kt
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i+ 1
2
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∆zi,,j+ 1
2
,k −
∑Kt
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vn+θ
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∆zn
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2
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∆y
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ηn+1i,j +
∆t2θ2
Fr2∆x2
 (∆zTA−1∆z)ni+ 12 j (hn+1i+1,j − hn+1i,j )−
− (∆zTA−1∆z)n
i− 1
2
j
(
hn+1i,j − hn+1i−1,j
) +
+
∆t2θ2
Fr2∆y2
 (∆zTA−1∆z)nij+ 12 (hn+1i,j+1 − hn+1i,j )−
− (∆zTA−1∆z)n
ij− 1
2
(
hn+1i,j − hn+1i,j−1
)  =
= ηni,j − θ
∆t
∆x
[(
∆z
T
A
−1
G
)n
i+ 1
2
j
− (∆zTA−1G)n
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2
j
]
−
−θ∆t
∆y
[(
∆z
T
A
−1
G
)n
ij+ 1
2
− (∆zTA−1G)n
ij− 1
2
]
−
− (1− θ) ∆t
∆x
[
∆z
T
U
n
i+ 1
2
j
−∆zTUn
i− 1
2
j
]
−
− (1− θ) ∆t
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[
∆z
T
V
n
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−∆zTVn
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]
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un+1
i+ 1
2
,j,k
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2
,j,k
− ∆t
∆x
(
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)
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∆x
(
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)
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2
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∆x
(
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)
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jk
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−
vn+1
ij+ 1
2
k
∆zn+1
ij+ 1
2
k
− vn+1
ij− 1
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k
∆zn+1
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2
k
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+wn+1
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−wn
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∆t
(
qn+1i+1,j,k − qn+1i,j,k
)
∆zn+1
i+ 1
2
jk
−
(
qn+1i,j,k − qn+1i−1,j,k
)
∆zn+1
i− 1
2
jk
∆x2
+
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(
qn+1i,j+1,k − qn+1i,j,k
)
∆zn+1
ij+ 1
2
k
−
(
qn+1i,j,k − qn+1i,j−1,k
)
∆zn+1
ij− 1
2
k
∆x2
+
+
(
qn+1i,j,k+1 − qn+1i,j,k
)
∆zn+1
ijk+ 1
2
−
(
qn+1i,j,k − qn+1i,j,k−1
)
∆zn+1
ijk− 1
2
=
=
u˜n+1
i+ 1
2
jk
∆zn+1
i+ 1
2
jk
− u˜n+1
i− 1
2
jk
∆zn+1
i− 1
2
j
∆x
+
+
v˜n+1
ij+ 1
2
k
∆zn+1
ij+ 1
2
k
− v˜n+1
ij− 1
2
k
∆zn+1
ij− 1
2
k
∆y
+ w˜n+1
i,j,k+ 1
2
− w˜n+1
i,j,k− 1
2
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∆zni,j,kS
n+1
i,j,k −∆zni,j,kSni,j,k +
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∆zni,j,k
[
un+θ
i+ 1
2
jk
(Sne )i − un+θi− 1
2
jk
(Snw)i
]
+
n  ﬀ
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1w
+
∆t
∆y
∆zni,j,k
[
vn+θ
ij+ 1
2
k
(Snn)j − vn+θij− 1
2
k
(Sns )j
]
+ ∆t
[
wn+θ
ijk+ 1
2
(
Sn+θup
)
k
− vn+θ
ijk− 1
2
(
Sn+θlow
)
k
]
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(Slow)k = (Sup)k−1 , (Sw)i = (Se)i−1 , (Ss)j = (Sn)j−1 .
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wn+θ
k+ 1
2
Sn+θup =
wn+θ
k+ 1
2
+
∣∣∣∣wn+θk+ 1
2
∣∣∣∣
2
[
θSn+1k + (1− θ)Snk
]
+
n  ﬀ

ew
+
wn+θ
k+ 1
2
−
∣∣∣∣wn+θk+ 1
2
∣∣∣∣
2
[
θSn+1k+1 + (1− θ)Snk+1
]
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wn+θ
k+ 1
2
Sn+θup = w
n+θ
k+ 1
2
[
θ
Sn+1k + S
n+1
k+1
2
+ (1− θ) S
n
k + S
n
k+1
2
]
− n  ﬀ 4i w
−S
n
k−1 − 2Snk + Snk+1
8
·
wn+θ
k+ 1
2
+
∣∣∣∣wn+θk+ 1
2
∣∣∣∣
2
− S
n
k − 2Snk+1 + Snk+2
8
·
wn+θ
k+ 1
2
−
∣∣∣∣wn+θk+ 1
2
∣∣∣∣
2
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0 |cmax| ≤ 1
(|cmax|−1)
4|cmax|
1 ≤ |cmax| ≤ 3
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|cmax|
|cmax| > 3
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Fi+ 1
2
,j,k = u
n
i+ 1
2
,j,k
Sne =
un
i+ 1
2
,j,k
+
∣∣∣un
i+ 1
2
,j,k
∣∣∣
2
Sni,j,k +
un
i+ 1
2
,j,k
−
∣∣∣un
i+ 1
2
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∣∣∣
2
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1
2
∣∣∣uni+ 1
2
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∆x
∣∣∣uni+ 1
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Φ(ψ) = max
(
0,min
(
1 + ψ
2
, 2, 2ψ
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ψ =
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